1. Introduction {#s0005}
===============

Guanine-rich nucleic acids are well known for their ability to adopt non Watson--Crick hydrogen-bonded structures [@b0005; @b0010]. These structures are better known as G-quadruplexes and share the common feature of stacked guanine tetrads as basic motif [@b0015]. The formation of such guanine based supramolecular assemblies is particularly favored under physiological conditions, with respect to pH and the presence of alkali cations (i.e. K^+^ and Na^+^). Their kinetic and thermodynamic folding parameters as well as the different topologies that they can adopt have been extensively investigated [@b0020]. A large number of sequences capable of folding into stable G-quadruplex structures have been described in the literature. In addition, the relevance of loop sequences and G-track lengths to the formation of such structures has been systematically studied in both DNA and RNA [@b0025; @b0030; @b0035; @b0040]. Interestingly, it has been shown that such sequences often occur in functionally important regions of the genome suggesting the possibility that G-quadruplexes behave as structural switches of cellular processes and therefore provide a basis for therapeutic intervention [@b0045; @b0050; @b0055; @b0060; @b0065]. Because of their importance, several biophysical assays have been developed over the past decade to characterise both the folding and the presence of these structures in nucleic acids sequences *in vitro* [@b0070]. In particular, the telomeric single stranded G-overhang comprising the tandem repeat sequence (TTAGGG)*~n~* has been shown to fold into stable G-quadruplex structures *in vitro* [@b0075]. Several small molecules have been synthesized with the aim to interfere with the action of telomerase enzyme via the stabilization of telomeric G-quadruplex DNA. Such molecules, including the synthetic molecule Phen--DC~3~ and the natural product telomestatin, showed tight stabilization of the telomeric G-quadruplex resulting in telomere shortening presumably via interaction with G-quadruplex [@b0080; @b0085]. Pyridostatin-based molecules ([Fig. 1](#f0005){ref-type="fig"}) also displayed similar properties towards the telomeric G-quadruplex, interfering with the hexameric protein complex shelterin [@b0090; @b0095; @b0100]. In particular pyridostatin was shown to compete for binding with the shelterin component hPOT-1 leading to the activation of DNA damage responses at telomeres. More recently, it has been shown that the telomeric-repeat-containing RNAs (TERRA) generated by the transcription of mammalian telomeres, were also able to fold into stable G-quadruplex structures [@b0105; @b0110; @b0115]. Although direct implications of these RNA sequences in the telomere machinery have not been yet demonstrated, it has been shown that such sequences can fold into G-quadruplex structures *in cellulo* [@b0120]. G-quadruplexes may also have an impact on the transcriptional activity of several oncogenes such as *c-MYC* [@b0125], *c-KIT* [@b0130], *k-RAS* [@b0135], *VEGF* [@b0140], *BCL-2* [@b0145] and more recently *SRC* [@b0570]. It has been hypothesised that G-quadruplex structures can preferentially form at the promoter regions of certain genes and that ligand-induced stabilization of the quadruplex can alter the transcriptional state of the gene [@b0045]. This has suggested a framework for targeting G-quadruplex structures as a new anti-cancer strategy in addition to pre-established approaches based on telomere targeting. More recent studies focused on the biological aspects of the cancer related functions of G-quadruplex folding sequences have unravelled further new insights. The transcription factor SP-1 has been shown to bind to a new G-quadruplex forming sequence recently discovered in the promoter sequence of the proto-oncogene *c-KIT* [@b0155]. Thus, we continue to see new perspectives for the relationship between G-quadruplexes and transcriptional regulation. Interestingly, cells deficient in the G-quadruplex resolving FANCJ helicase showed epigenetic instability, suggesting that the generation of these structures may somehow alter the stability of some histone marks [@b0160; @b0165; @b0170]. Moreover, it has been shown that the human Pif1 (hPif1) helicase and the selective G-quadruplex stabilizing small molecule pyridostatin target overlapping genomic sites in human cells [@b0570]. It is noteworthy that hPif1 has also been shown to bind to and unwind G-quadruplex structures *in vitro* [@b0175]. Likewise, the Bloom's (BLM) and Werner's (WRN) syndrome helicases have also been shown to efficiently disrupt G-quadruplex DNA *in vitro*, and such enzymatic activity can be inhibited by treatment with G-quadruplex interacting small molecules [@b0180; @b0185; @b0190]. Very recently, Kamath-Loeb et al. suggested the possibility that beyond its helicase activity WRN might also act as a G-quadruplex binding scaffold that recruits additional DNA processing proteins [@b0195].

Despite the amount of biophysical and biochemical data that has been collected, the field could benefit from more direct evidence for the existence and biological relevance of G-quadruplex structures in a cellular context. The design of molecular tools to probe and monitor G-quadruplex formation throughout the genome and the transcriptome is therefore a worthy challenge to pursue. Such tools need to function in the context of genomic complexity and be amenable to use on a cellular system. Herein, we discuss recent approaches that have been developed to address such goals.

2. Structure-based methods {#s0010}
==========================

2.1. Theoretical mapping based on computational analysis {#s0015}
--------------------------------------------------------

Biophysical studies on G-quadruplexes have provided the knowledge to enable the computational prediction of where putative G-quadruplex forming sequences (PQS) occur in genomes [@b0200]. Several algorithms have been developed based on different criteria to identify sequences with a propensity to fold into G-quadruplex *in vitro* [@b0205]. One approach is based on guanine density within a sequence window, because this correlates with the likelihood of G-quadruplex formation [@b0210; @b0215]. Alternatively, one can consider sequences that consist of four runs of tandem guanines or calculate the density of guanine runs rather than the density of the base itself. Programs based on these algorithms have been widely used, providing valuable insights into how predicted G-quadruplex motifs are distributed throughout genomes [@b0220; @b0225; @b0230; @b0235; @b0240]. Moreover, Todd et al. demonstrated that guanine-rich sequences often display multiple folding possibilities, further complicating the analysis of data based on apparent loop sizes [@b0245]. More recently Huppert and co-workers exploited a novel Bayesian prediction framework based on Gaussian regression process to determine the thermodynamic stability of any G-quadruplex from the sequence information alone [@b0250]. The authors also introduced an active learning procedure useful to iteratively acquire data in an optimal fashion. Despite the limitations in the accuracy of all such computational PQS genome-wide analyses, this general approach has been valuable and has stimulated wider interest in biology by making G-quadruplex prediction and searching through sequence space readily accessible. However, there is no algorithm that takes into account how the local chromatin structure and superhelicity of the DNA may affect the G-quadruplex formation [@b0255].

2.2. Experimental mapping based on protein immunoprecipitation {#s0020}
--------------------------------------------------------------

The identification of selective G-quadruplex binding proteins provides an opportunity to locate these structures in cellular DNA [@b0260]. Specifically, the existence of such proteins allows the possibility to exploit Chromatin Immunoprecipitation (ChIP) approaches such as ChIP-Seq and ChIP-chip. ChIP experiments are widely used in biology to identify DNA--protein binding sites throughout the genome *in vivo* [@b0265; @b0270]. Typically, this procedure enables isolation of protein--DNA complexes with the aim of identifying the exact binding loci of a protein of interest. The isolation protocol can be either performed on native chromatin or chromatin that has been chemically fixed with formaldehyde prior to the immunoprecipitation step. The cells are first lysed, the chromatin is then isolated and the DNA fragmented either mechanically or enzymatically. DNA--protein complexes are then selectively precipitated using antibodies against the protein of interest. The DNA sequences recovered are released from protein by thermal denaturation, amplified by PCR and analysed on DNA-microarray (ChIP-chip) or by high throughput sequencing (ChIP-Seq). The first application of ChIP-Seq approaches has been focused on mapping the genomic binding sites of chromatin proteins and transcription factors [@b0275; @b0280; @b0285]. However, this method is, in principle, applicable to map the existence of non B-DNA structures such as G-quadruplexes.

Recent literature has provided two examples of such techniques applied to G-quadruplexes. Paeschke et al. studied the effect of knocking down Pif1 helicase in *Saccharomyces cerevisiae*. Pif1 was reported to be a G-quadruplex resolvase *in vitro* and interestingly the authors found that yeast lacking this helicase showed replication fork stalling in the proximity of G-quadruplex forming sequence, which eventually led to DNA breakage [@b0290]. This suggests that G-quadruplex structures are formed *in vivo* and that resolving helicases are crucial for DNA replication and to sustain genomic stability [@b0295]. ChIP-chip experiments revealed 1584 Pif1 interaction sites including guanine-rich sites, most of which were predicted to be PQS by computational analysis. It is noteworthy that the authors found an enrichment of the enzyme DNA Pol II at those sites together with a good correlation with DNA breaks observed in the absence of the active helicase at the protein binding sites. These data suggested that helicase activities might sustain genomic stability during replication by interacting with or unfolding G-quadruplex motifs.

Law et al. have used a similar approach in an independent study focused on the ATR-X syndrome protein. In their study, the authors exploited ChIP-chip and ChIP-Seq technologies to map the interaction sites of the ATR-X protein throughout the human genome. Interestingly, the ATR-X protein was found to bind to tandem repeats with high guanine density, most of which were predicted to be G-quadruplexes by bioinformatics analysis [@b0300]. Moreover, the authors demonstrated the G-quadruplex binding properties of the ATR-X protein by means of gel shift assays. Furthermore, mutations that impair ATR-X function were associated with misregulation of the associated genes *in vivo*. It is noteworthy that these data were obtained without prior knowledge that ATR-X was a G-quadruplex interacting protein emphasising the need of unbiased approaches such as ChIP-Seq technologies to identify relevant genomic sites where G-quadruplex DNA may occur and have a function *in vivo*.

Other results have been obtained in the analysis of G-quadruplex formation in the transcriptome by microarray experiments. Ashley et al. studied the FMRP protein that is involved in Fragile-X retardation syndrome [@b0305]. In particular, the absence of FMRP that naturally binds to its RNA targets, including its own RNA FMR1, has been hypothesised to generate mistranslation of the RNAs and leading to the syndrome itself. The *FMR1* associated gene harbours a (CGG)~n~ tandem repeat in its 5′ untranslated region which undergoes an expansion in the patient affected by the syndrome leading to the eventual silencing of the gene [@b0310]. Remarkably, the authors found that a significant proportion (≈70%) of the transcripts that were immunoprecipitated from mouse brain tissues were also predicted to contain a G-quadruplex structure [@b0315]. This underlines how translation may be altered by G-quadruplex formation in the 5′ untranslated region of *m*RNA via interacting with FMRP in mouse tissues. Further use of proteins that target G-quadruplex structures will help develop deeper insights from such genome-wide experiments. Pif1, ATR-X and FMPR are naturally occurring proteins and, in principle, several other natural proteins can be used for the same purpose, such as telomere-end binding proteins [@b0320]. The development of recombinant engineered proteins that interact with G-quadruplex structures, such as Gq1 [@b0325; @b0330], as well as of high affinity single chain antibodies such as HF1 [@b0335] and scFv [@b0340; @b0345], and their controlled endogenous expression can also provide the means to sense G-quadruplex structures *in vivo*. In more details, such detection can be achieved by using ChIP-Seq analysis and immunofluorescence microscopy techniques.

2.3. Experimental mapping of DNA sites by small molecule-affinity isolation {#s0025}
---------------------------------------------------------------------------

Natural products and synthetic small molecules are powerful tools to enable the investigation of biology. They provide the means to control and modulate biological processes in reversible and dose-dependent manners with a temporal resolution that is difficult to achieve using molecular biological methods such as RNA interference. Over the last two decades, a large number of G-quadruplex interacting small molecules have emerged to help address the longstanding question of the existence of G-quadruplex nucleic acid structures in living organisms and their putative biological function(s). Moreover, small molecule ligands have the ability to recognise a pre-formed G-quadruplex structure [@b0570] and/or induce the folding of these structures upon sequence recognition *in vitro* [@b0350]. Inspired by the literature [@b0355], we developed a G-quadruplex affinity matrix based on the potent and selective scaffold of pyridostatin [@b0090], which contains an additional biotin tag for affinity isolation ([Fig. 2](#f0010){ref-type="fig"}). We hypothesised that synthetic small molecules could act as engineered mimics of naturally occurring proteins and antibodies. *In vitro* experiments demonstrated that G-quadruplex DNA could be isolated from a mixture of diverse oligonucleotides including single stranded (ss) DNA, double stranded (ds) DNA and hairpin RNA by incubating the mixture with the affinity reagent, followed by streptavidin-coated magnetic solid phase separation [@b0360]. This particular strategy was successful in pulling-down human telomeric DNA from genomic DNA derived from cellular extracts and holds promise for the discovery of other genomic DNA and RNA G-quadruplexes that have been predicted by means of computational analysis. Several features were considered for the design of such a probe, including: (i) the presence of an affinity tag to pull down DNA fragments, (ii) the ability to recognise various G-quadruplex structures with a high level of specificity over double-stranded DNA (ds-DNA), (iii) the capacity to release intact DNA for subsequent analysis by specific PCR or sequencing (ChIP-Seq, RNA-Seq), and (iv) a detectable biological activity related to the cellular target of interest. However, we encountered some technical issues using biotin as affinity tag in cellular experiments. Therefore, we have so far limited its use to cell extracts, rather than a strictly cellular context. The fact that, telomere shortening was observed after several days exposure to the small molecule modified with the affinity tag suggests that the chemical introduction of a biotin does not preclude biological activity of the main scaffold, thus the technical issues may be related to DNA isolation. A further consideration is that specific G-quadruplex motifs isolated by this method must ideally be correlated with a biological function, and it is inevitable that many such structures, whilst present in extracts, maybe devoid of any specific biological relevance. By analogy, genome-wide studies that map transcription factor binding sites have also found that many experimentally determined binding sites are non-functional in the context of the experimental settings used by the authors [@b0365]. Therefore, a new generation of G-quadruplex reagents must ideally be developed to resolve some of these issues and to alleviate the likelihood of experimental artifacts.

Herein we discuss several types of ligands and strategies that might be considered in future work to develop new G-quadruplex probes.(i)The first approach relies on the use of a molecule containing an affinity tag capable of tight binding to G-quadruplex structures, by means of specific non-covalent interactions (i.e. π--π, hydrogen bonding and electrostatic). This approach, reminiscent of ChIP experiments based on stable protein-nucleic acids complexes, can expand the use of such molecules for cellular pull-down of G-quadruplex forming sequences. This strategy offers the possibility to disrupt the DNA-ligand complex upon thermal denaturing and/or exposure to a set of chaotropic reagents such as urea and guanidinium salts. This step is crucial to recover the pulled down nucleic acids for further sequencing and genome-wide mapping (see [Fig. 2](#f0010){ref-type="fig"}).(ii)The second approach is to use paraformaldehyde or glutaraldehyde cross-linking to strengthen the stability of the small molecule-nucleic acid adducts, an experimental protocol that resembles regular ChIP experiments. To do so, a stable covalent methylene bridge may be formed between the primary amine of the ligand-containing probe and one of the free amino guanine functions of the G-quadruplex motif. Formaldehyde cross-linking protocols have been extensively used in molecular and cell biology to freeze biological processes and are well established. The covalent link formed between the probe and the DNA motifs can also be thermally reversed in relatively mild conditions. Similarly, the bound oligonucleotides can be recovered, sequenced and mapped. However, there are two main limitations in the use of formaldehyde (i) the first is the requirement for primary amine moieties on the ligand,essential for the methylene bridge generation between ligand and DNA (ii) the second is represented by the morphological modifications and the perturbations that might be inevitably introduced in the cell by using such a non-specific cross-linking agent. In particular this last point can easily lead to the generation of artefacts especially in microscopy experiments [@b0370]. Therefore the use of milder and more selective reversible cross-linking agents would be preferred.(iii)The third approach consists of the use of small molecules embedded with alkylating agents. In contrast to a genome-wide cross-link approach mediated by formaldehyde, this strategy offers the unique advantage of creating selective cross-links proximal to the genomic area of interest brought about by the DNA-ligand interaction at specific loci. Bertrand et al. described the first G-quadruplex hybrid ligand/alkylating agent, limited so far by the inability to recover the DNA fragment from the ligand due to the strength of the newly formed chemical covalent cross-link [@b0375]. Similar hybrid molecules have been successively described with the aim to investigate the stabilization effect on the G-quadruplex structure induced by the covalent binding of the ligand [@b0380; @b0385]. However, it is important to consider that for such agents: (i) non-specific nucleophilic attack should be minimised and (ii) the alkylation process should ideally be reversible to enable the release of the alkylated sequence after the pull-down. Di Antonio et al. proposed to tether quinone methide precursors to G-quadruplex ligands in order to achieve selective cross-linking of small molecules to these structures [@b0390]. In particular, they employed naphthalendiimide (NDI) derivative as a G-quadruplex recognition moiety following the previous report by Cuenca et al. ([Fig. 3](#f0015){ref-type="fig"}) [@b0395]. Quinone methides are capable of reversible alkylation with properties that can be chemically tuned, and they are transient species that must be generated in situ from stable precursor [@b0400]. Interestingly, their generation can be achieved via bioorthogonal means, such as photochemical [@b0405; @b0410], reductive [@b0415], oxidative [@b0420], thermal [@b0425], and fluoride anion treatment [@b0430]. More recently the conjugation of these reactive species with PNA provided the means of sequence-selective and reversible cross-linking [@b0565; @b0440].

The authors have shown cross-linking of the human telomeric G-quadruplex sequence under mild thermal activation (40 **°**C) with very high selectivity over ds-DNA. This system can be further embedded with affinity tags and to exploit this unique chemical reactivity for G-quadruplex in genome-wide identification or cellular imaging studies as depicted in [Fig. 3](#f0015){ref-type="fig"}. Unfortunately, the alkylation efficiency obtained with the above mentioned molecules was poor for human telomeric G-quadruplex, thus prompting the authors to improve the NDIs recognition properties by synthetizing tri- and tetra-substituted analogues as previously reported [@b0445]. However, this strategy did not lead to notable improvement in terms of alkylation efficiency together with some other experimental limitations which still need to be tackled, such as alkylation yields and the selectivity over ds-DNA [@b0450]. Nevertheless, the design of small molecules for covalent G-quadruplex interaction through triggerable and reversible cross-linking represents an important improvement towards genome-wide pull-down methods that requires further investigation.

A common limitation shared by the design of all the above mentioned G-quadruplex selective molecular probes arose from the chemical modification of the main binding scaffold to introduce an affinity tag, such as biotin, necessary for selective DNA isolation after target recognition, or the introduction of a quinone methide precursor. The chemical linker associated to the affinity tag can adversely affect cellular uptake and binding. Similarly, the presence of a quinone methide precursor can dramatically affect the G-quadruplex binding properties of the main scaffold or its selectivity for G-quadruplex vs. ds-DNA recognition. Moreover, these modifications raise the lipophilic character of the molecule interfering with the water solubility of these analogues. Therefore we suggest exploring similar strategies based on the introduction of a smaller alkyne moiety as tag. Terminal alkynes might behave as "modifiable" affinity tags that can be pulled down by means of ''click chemistry'' onto azido functionalized beads, or fluorescently labelled in cells [@b0455].

2.4. Cellular imaging {#s0030}
---------------------

*In cellulo* sensing of G-quadruplex structure can be achieved by either using modified antibodies [@b0340], G-quadruplex based aptamers [@b0460] or by using small molecules that selectively light up as response to the binding [@b0465; @b0470; @b0475]. Engineering a small molecule to achieve cellular imaging of G-quadruplex by fluorescence represents a challenging task from an experimental point of view. Indeed, a selective "turn on" fluorescence mechanism upon binding with the target is ideally required and chemically non-trivial to achieve. Moreover, single molecule resolution can be experimentally hard to achieve owing to cellular fluorescence background. In this section we will discuss recent achievements in cellular detection of G-quadruplexes structures.

Luedtke and co-workers exploited the self-assembling properties of phthalocyanines to develop G-quadruplex-specific fluorescent probes [@b0480; @b0485]. In particular, the authors have shown that this class of compounds exhibits a self-aggregation based fluorescence quenching in aqueous solution. The interaction with a G-quadruplex folded oligonucleotide restores the fluorescence disrupting the aggregate by means of end-stacking of a single molecule with the G-quadruplex. Phthalocyanines are suitable for G-quadruplex sensing in the nanomolar range and the authors showed cellular imaging is possible using such molecules. However, experiments that reveal insights that are explicit for particular G-quadruplexes in the cell, e.g. co-localisation with G-quadruplex binding proteins, remain to be carried out for this promising class of molecules.

Several chemical strategies have been instead developed for sensing proteins *in cellulo*, e.g. covalent fluorophore transfer mediated by chemical or enzymatic reactions [@b0490; @b0495; @b0500], and such approaches can, in principle, be applied for sensing of particular nucleic acid structures. In fact, this chemistry has been successfully used to sense protein activity or expression *in vivo*. Three strategies can be explored taking inspiration from the protein chemistry as summarised in [Figs. 4 and 5](#f0020 f0025){ref-type="fig"}: (i) fluorophore transfer mediated by alkylation induced by proximity effects. In this approach, a recognition event mediated by a small molecule concentrates the fluorophore nearby the target and the transfer is chemically triggered either by proximity effect with nucleophilic residues on site, or enzymatically. (ii) A "clickable" tag may be first incorporated *in cellulo* on the target by using analogous chemical strategies. By doing so the fluorophore can be incorporated in a second step providing a temporal and spatial flexibility of the sensing process ([Fig. 5](#f0025){ref-type="fig"}). (iii) The clickable tag is directly embedded on the small molecule used as G-quadruplex binding platform. It is clear that the recent development and applications of click chemistry have allowed the covalent labelling of proteins, nucleic acids and oligosaccharides in cells and whole animals [@b0505]. In our recent studies, we have taken advantage of click chemistry to chemically label a G-quadruplex binding small molecule in human cells [@b0570]. In particular, we have created a variant of the G-quadruplex binding ligands pyridostatin comprising an alkyne functionality for the introduction of a tag at a late stage for G-quadruplex sensing or isolation. The introduction of a terminal alkyne to the main scaffold had no effect on the potency of the parent small molecule pyridostatin in cellular experiments making this analogue suitable for use as an affinity reagent or a surrogate antibody to detect G-quadruplex structures. This protocol enabled us to visually trace the small molecule into human cell nuclei by means of high-resolution confocal microscopy. Here, we observed a striking overlap of foci formed by accumulation of the small molecule and the GFP-labelled G-quadruplex binding helicase hPif1. In this experiment, the small molecule was incubated with cells that were pre-fixed with formaldehyde and then reacted with the fluorophore. The characteristic staining pattern observed for GFP-hPif1 in absence of small molecule treatment, which co-localised with the labelled drug upon treatment, provided evidence for G-quadruplex structure formation in unperturbed cells (see [Figs. 5 and 6](#f0025 f0030){ref-type="fig"}). This approach now paves the way to study the distribution of small molecules in a cellular environment and to further assess the localisation with other known factors. We anticipate that this general approach will enable azide-based affinity capture to isolate the bound nucleic acids ([Figs. 4 and 6](#f0020 f0030){ref-type="fig"}) for sequence determination. Additionally, this method may also enable the isolation and identification of proteins that are naturally associated with, or proximal to G-quadruplex containing genomic domains by proteomics. Such methods will facilitate the elucidation of biological function for these structures.

3. Function-based methods {#s0035}
=========================

Over the past 10 years, several biological processes have been linked to G-quadruplex structures providing the means to detect functional markers to identify biologically relevant DNA secondary structures. Examples of such processes include (i) replication of DNA sequences containing PQS that is modulated by the Dog1 helicase in *C. elegans* [@b0510], Pif1 in yeast and Rev1 in DT40 cells [@b0515]; (ii) transcription of certain genes that may be modulated by the stalling of RNA Pol II at sites containing G-quadruplex motifs and by the helicase ATR-X in human cells [@b0515]; (iii) genomic instability promoted by selective G-quadruplex interacting small molecules [@b0080; @b0090; @b0570; @b0520; @b0525; @b0530]; (iv) DNA recombination near sites containing a G-quadruplex structure in the pathogen *Neisseria gonorrhoeae* [@b0535]; (v) telomere maintenance that is impaired in the presence of G-quadruplex binding small molecules [@b0540]; (vi) RNA splicing that may be affected by the presence of G-quadruplex structure in the pre-mRNA of hTERT [@b0545]; (vii) RNA translation that may be modulated by proteins such as FMRP known to bind to G-quadruplex motifs [@b0550]. Whilst the perturbation of these biological processes induced by a molecule can be detected, the identification of a protein specifically linked to a particular phenotype or a mechanism is non-trivial. We have developed and applied an approach based on the immunoprecipitation of a surrogate marker of DNA damage, namely the phosphorylated form of histone H2AX (γH2AX), to identify by sequencing and computational analysis the nature and location of sequences and genomic locations of sites associated with breaks promoted by pyridostatin. This unbiased approach has ultimately led to the discovery of genomic domains that contain clusters of G-quadruplex motifs including therapeutically relevant oncogenes such as *SRC* and *MYC*. In this study, we observed that the G-quadruplex binding small molecule pyridostatin targets non-telomeric human genomic loci. DNA double-strand breaks are promoted at these sites upon binding of the small molecule to the DNA by a mechanism that may be linked to the stalling of polymerases during transcription and replication. The phosphorylation of H2AX is, in fact, one of the earliest events of the DNA damage response (DDR), thus acts as a read-out of DNA double strand breaks. A direct comparison of the immunoprecipitated sequences with the map of human PQS obtained by computational analysis revealed a set of G-quadruplex containing domains that are functional in the presence of the small molecule. Further analysis also suggested that some of these loci still exhibit residual genomic instability in the absence of drug treatment and may be considered as natural fragile sites. The power of such a method lies in the fact that it is unbiased and focused on the study of biologically relevant PQS since it is a direct readout of a biological function, associated to the G-quadruplex structure.

4. Correlation of G-quadruplex structure with function {#s0040}
======================================================

The existence and function of each individual G-quadruplex structure mapped in the human genome is still questionable. To provide a greater degree of certainty, one can carry out a careful cross-comparison of motifs revealed by structural isolation with those identified by means of functional detection. This can be illustrated by the finding that *SRC* is a potential target for G-quadruplex interacting small molecules. The occurrence of DNA damage within the coding region of certain genes upon treatment with pyridostatin revealed a set of genes that contain multiple sequences with a propensity to adopt a G-quadruplex conformation as defined by biophysical experiments and computational mapping. A first validation of the genes targeted was performed by RT-PCR gene expression measurement. This revealed a clear down-regulation of the genes studied as seen by a decrease in their respective mRNA levels upon pyridostatin treatment. Following gene-target identification by ChIP-Seq and a first RT-PCR validation, it was then possible to cross-validate the gene set of interest by regular specific ChIP-q-PCR. This protocol consist in precipitating the protein (i.e. γH2AX) linked to the phenotype investigated (i.e. DNA damage) and quantifying the level of bound DNA by using PCR primers specific for each genes previously identified by ChIP-Seq. This method is well established in the study of DNA damage phenotype [@b0555]. Moreover, in both cases the chaotropic treatment that follows the immunoprecipitation step ensures the release of the small molecule from the targeted DNA sequences, thus avoiding artefacts that G-quadruplex binding small molecule can generate during PCR experiments [@b0560].

To complete this analysis, the development of an efficient protocol such as the one described in [Fig. 6](#f0030){ref-type="fig"} should be performed to isolate G-quadruplex motifs that are directly involved in promoting this phenotype. Indeed, over 25 PQS have been computationally mapped in *SRC* based on the Quadparser algorithm. Furthermore, these motifs are spread throughout the gene and their individual contribution to the phenotype observed (i.e. DNA damage induction, gene expression alteration) remains to be elucidated. A deep-sequencing method based on small molecule-DNA pull-down protocols, reminiscent of traditional ChIP-Seq, is a worthy technical challenge that will undoubtedly shed further light on these mechanisms.

5. Discussions and Conclusion {#s0045}
=============================

The invention and development of general methods for mapping G-quadruplex forming sequences in the genome and the transcriptome of cells remains a major challenge in biology. It will be equally valuable to develop techniques for identifying G-quadruplexes that are functional and/or suitable targets for small molecule intervention. The recent advances in ligands appended with bio-orthogonal groups or affinity tags provide practical approaches to follow for visualising or isolating nucleic acid sequences involved in G-quadruplex formation in cellular DNA. The major advances in high-throughput sequencing of nucleic acids allows such probes to be used to address such questions throughout the entire genome (or transcriptome), as has been shown [@b0570]. Further development and exploitation of the types of methods we have described will enable us and others to address the central questions in relation to the existence, location, functions and druggability of G-quadruplex nucleic acids in an explicit fashion within the context of living systems.
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